Molecular mimicry between group A streptococcus and host antigens has important roles in the development of poststreptococcal sequelae, including glomerulonephritis and rheumatic heart disease (RHD). The etiology of RHD involves host cross-reactivity with M proteins and carbohydrate antigens. In this study, we show that anti-streptococcal pyrogenic exotoxin B (SPE B) antibodies exhibited characteristics of autoantibodies, which cross-react with endothelial cells. Immunoglobulin G (IgG) deposition and complement activation were observed in the heart valve of SPE B-immunized mice. In addition, apoptosis in the heart valve was detected in SPE B-immunized mice. An anti-SPE B monoclonal antibody (mAb) 10G showed cross-reactivity with human microvascular endothelial (HMEC-1) cells and mouse valve endothelial cells. Passive immunization with mAb 10G also caused IgG deposition, complement activation, and apoptotic cell death in the mouse heart valve. We conducted peptide array and ELISA using synthetic peptides to identify the SPE B antigenic epitope recognized by mAb 10G. Results showed that the major epitope of mAb 10G is localized to amino-acid residues 296-310 of SPE B (P7-8). The cross-reactivity of mAb 10G with endothelial cells was inhibited using P7-8 peptides for competition. These results suggest that anti-SPE B antibodies cross-react with endothelial cells, and that a dominant epitope is located within the amino-acid residues 296-310 of SPE B. Moreover, we found that mAb 10G can also bind to N-acetyl-b-D-glucosamine (GlcNAc) conjugated with bovine serum albumin (BSA), but not to BSA or M1 protein.
Group A streptococcus (GAS) is an important Gram-positive human pathogen. The clinical outcomes range from mild throat and skin infections, such as pharyngitis and impetigo, to severe and even life-threatening invasive diseases, including necrotizing fasciitis and streptococcal toxic shock syndrome. Immune-mediated post-infectious sequelae, such as acute rheumatic fever and post-streptococcal glomerulonephritis may also occur. [1] [2] [3] [4] Some unresolved aspects of GAS infection include the resurgence of severe GAS-related diseases and the pathogenesis of post-infectious sequelae. 5 Increased knowledge of the mechanisms underlying GAS pathogenesis will help to enhance diagnostic and therapeutic progress and vaccine development. [6] [7] [8] Acute rheumatic fever is characterized by inflammation of the joints (arthritis), heart (carditis), central nervous system (chorea), skin (erythema marginatum), and subcutaneous nodules. [9] [10] [11] Rheumatic heart disease (RHD) represents the serious sequelae of acute rheumatic fever, and remains a great global burden of disease caused by GAS. [1] [2] [3] Numbers of cases of RHD have been underestimated using clinical diagnosis as compared with systematic screening with echocardiography. 12, 13 Risk factors for RHD include immunogenetic differences, MHC antigens, and immune responses against host and streptococcal antigens. 11, [14] [15] [16] [17] Both B-and T-cell responses are involved in the molecular mimicry and pathogenesis of RHD. 9, [18] [19] [20] [21] [22] [23] A two-hit hypothesis indicates that antibodies have a role in the initiating step of the disease at the valve endothelium, followed by T-cell infiltration through the activated endothelium into the valve. 9 Anti-streptococcal antibodies have been shown to cross-react with cardiac myosin, tropomyosin, laminin, and vimentin; these crossreactive antibodies recognize the M protein or the group A carbohydrate N-acetyl-glucosamine (GlcNAc). 9, 18, [24] [25] [26] [27] Streptococcal pyrogenic exotoxin B (SPE B) is a cysteine protease, which cleaves various host factors.
1 SPE B and its zymogen precursor have been suggested to function as a nephritogenic antigen. [28] [29] [30] [31] The presence of SPE B was detected in kidney biopsies of patients with post-streptococcal glomerulonephritis. 32, 33 In addition, anti-SPE B/zymogen titers were more consistently increased in patient sera than antibody titers to other GAS antigens, such as glyceraldehyde-3-phosphate dehydrogenase, streptolysin O, and DNase B. 32, 34 Using a mouse model, we previously showed that anti-SPE B antibodies are involved in the pathogenesis of glomerulonephritis. One particular anti-SPE B monoclonal antibody (mAb) clone, 10G, can cross-react with the kidney endothelium and cause kidney injury. 35 In this study, we investigated the possible role of anti-SPE B antibodies in the pathogenic mechanisms of RHD. We used the mouse model of active immunization with recombinant SPE B or passive immunization with mAb 10G and found pathological effects of anti-SPE B antibodies in the heart. mAb 10G was found to cross-react with human microvascular endothelial (HMEC-1) cells and mouse valve endothelial cells. We also identified the epitope recognized by anti-SPE B mAb. We found that mAb 10G can bind to amino-acid residues 296-310 of SPE B (P7-8) and to carbohydrate antigen GlcNAc, suggesting the existence of antigenic similarity between SPE B P7-8 and GlcNAc.
MATERIALS AND METHODS Preparation of Recombinant SPE B, C192S, and Other Mutants
Recombinant SPE B and C192S were prepared as described previously. 36, 37 Briefly, the genomic DNA of GAS was extracted and the pro-SPE B gene was amplified by PCR using the sense primer 5 0 -GGATCCGGATCCCATCATCATCAT CATCATGATCAAAACTTTGCTCGTAACGAA-3 0 with a His 6 tag and BamH1 restriction site and by the antisense primer 5 0 -GGATCCGGATCCCTAAGGTTTGATGCCTACAACAG-3 0 with BamH1 restriction site. The PCR product was purified and then cloned into the BamH1 site of the pET-21a vector. The recombinant plasmid was transformed into Escherichia coli BL21(DE3)pLys strain, under the control of a strong T7 promoter. The wild-type construct was further used to produce Q102N, C192S, G281A, G308S, V334A, and W357A mutants using overlap extension PCR. The recombinant proteins were produced by growing cells at 371C for 6-8 h in LB medium containing 10 g/l Bacto-tryptone, 5 g/l Bactoyeast extract, and 10 g/l NaCl. The cell culture was further added with isopropyl-1-thio-b-D-galactopyranoside (1 mM; Sigma-Aldrich, St Louis, MO, USA) and incubated at 15-371C for 2-24 h to induce protein production. These proteins were then purified using Ni 2 þ -chelating chromatography (Amersham Biosciences, Uppsala, Sweden). The 40-kDa C192S protein was concentrated by Amicon ultrafiltration with 10-kDa cutoff membrane and exchanged with phosphate-buffered saline (PBS). The 28-kDa C192S was obtained from the 40-kDa C192S mutant zymogen after cleavage with trypsin. On the basis of the circular dichroism and NMR analyses, the C192S mutant exhibited the same secondary structures as wild-type SPE B.
36
Immunization Protocol BALB/c breeder mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and were maintained on standard laboratory food and water ad libitum in our medical college laboratory animal center. Their 8-week-old progeny were used in this study. Mice were intraperitoneally injected with 50 mg of 28-kDa recombinant SPE B mutant C192S in complete Freund's adjuvant and then administered two immunizations of C192S (50 mg) in incomplete Freund's adjuvant every 2 weeks. The fourth immunization was an intravenous injection of C192S (10 mg). The mice were killed 8 days later. Mice immunized with bovine serum albumin (BSA; Sigma-Aldrich) were the controls. There were five mice in each group.
Generation of Anti-SPE B mAbs BALB/c mice were immunized as described above and killed 4 days after the last injection. Western blotting verified that the anti-C192S mAb clones 10G and 9C (derived from mice immunized with 28-kDa C192S) and 1-64.1 (derived from mice immunized with 40-kDa C192S) recognized both wildtype SPE B and C192S mutant. Three mice per group were intravenously immunized with 500 mg of mAb 10G or 9C immunoglobulin G (IgG) for 3 days and killed after 7 days.
Immunohistochemistry Staining
The mouse heart tissue was fixed in 10% neutral-buffered formalin solution and then dehydrated in graded alcohol. The fixed tissue was embedded in paraffin and sliced into 4-mm-thick sections. The heart tissue sections were deparaffinized and then heat-induced antigen retrieval was performed by microwaving twice at 800 W for 5 min in 0.01 M citric acid (pH 6.0), followed by slow cooling for 20 min. The heart tissue sections were incubated with Proteinase K in TE buffer (50 mM Tris-HCl, 1 mM EDTA, 5 mM CaCl 2 , 0.5% Triton X-100, pH 8.0) for 20 min at room temperature. These heart sections were treated with 0.3% H 2 O 2 in water to inhibit endogenous peroxidase activity, followed by antigen retrieval. The tissue sections were blocked using 10% BSA in PBS. Adequately diluted primary antibodies in antibody diluents (Dako Corporation, Carpinteria, CA, USA) were applied to the sections and incubated at 41C overnight. The sections were washed in 0.05% PBS-Tween 20 (PBST) and then incubated with horseradish peroxidase (HRP)-labeled secondary antibodies at room temperature for 1 h. After being washed with PBS, the tissue sections were developed using the DAB substrate kit (Vector Laboratories, Burlingame, CA, USA) and viewed with light microscopy. IgG deposits were detected using HRP-conjugated goat anti-mouse IgG (Jackson Immunoresearch Laboratories, West Grove, PA, USA). Complement C3 was detected using sheep anti-human C3d (Serotec, Oxford, UK), which cross-reacts with mouse C3d, followed by HRP-conjugated goat anti-sheep IgG (Jackson Immunoresearch Laboratories).
Normal mouse heart tissues were fixed with 3.7% formaldehyde for 24 h and deparaffinized, after which the tissue sections were incubated in 0.01 M citric acid (pH 6.0) at 951C for 20 min. The tissue sections were blocked using 10% BSA in PBS, and then 1 M NH 4 Cl was used to reduce autofluorescence. Adequately diluted mAbs 10G and 9C in antibody diluents (Dako Corporation) were then applied to the tissue sections and incubated at 41C overnight. Double immunofluorescence staining with anti-SPE B and anti-CD31 was performed using mAb 10G or 9C and rat anti-mouse CD31 (Serotec), followed by tetramethyl rhodamine isothiocyanate-conjugated goat anti-mouse IgG and fluorescein isothiocyanate (FITC)-conjugated goat anti-rat IgG (Jackson Immunoresearch Laboratories), respectively. The tissue sections were observed by fluorescence microscopy.
TUNEL Assay
To detect apoptotic cells in the formalin-fixed heart tissue, a terminal transferase dUTP nick-end labeling (TUNEL) assay was conducted using the ApopTag plus fluorescein in situ apoptosis detection kit (Chemicon International, Temecula, CA, USA). TUNEL labeling was visualized under fluorescence microscopy.
Cell Culture HMEC-1 was obtained from the Centers for Disease Control and Prevention (Atlanta, GA, USA) 38 and cultured in Medium 200 (Cascade Biologics, Portland, OR, USA) supplemented with 2% fetal bovine serum, 1 mg/ml hydrocortisone, 10 ng/ml epidermal growth factor, 3 ng/ml basic fibroblast growth factor, 10 mg/ml heparin, and antibiotics.
Extraction of Endothelial Cell Membrane Proteins
HMEC-1 cells were washed in PBS and scraped in 1 ml of homogenization buffer (320 mM sucrose, 50 mM Tris-HCl, 2 mM EDTA, 5 mM MgCl 2 , 50mM PMSF, 20 mg/ml leupeptine, and 2 mM EGTA). After a 30-min incubation on ice, the cells were disrupted in a Dounce homogenizer and centrifuged at 435 g for 10 min. The supernatant was then centrifuged at 100 000 g at 41C for 30 min. The pellet was resuspended in 1% Triton X-100 homogenization buffer and incubated on ice for 50 min. After centrifugation at 100 000 g for 30 min, the endothelial membrane proteins (EMPs) were collected from the supernatant.
Flow Cytometry HMEC-1 cells were fixed with 1% formaldehyde in PBS at room temperature for 10 min. The cells were adjusted to 5 Â 10 5 per tube, and incubated with mAb 10G, 9C or 1-64.1, or control mouse IgG at room temperature for 1 h. After three washes with PBS, cells were incubated with FITCconjugated anti-mouse IgG for 1 h at 41C and then analyzed by flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA, USA).
Synthesis of GlcNAc Conjugated with BSA GlcNAc conjugated with BSA was conducted in a two-step reaction, 39 with 5:1, 10:1, and 50:1 molar ratios of GlcNAc to BSA. Briefly, P-aminophenyl-2-acetamido-2-deoxy-b-D-glucopyranoside (Sigma-Aldrich) was activated by an equimolar amount of glutaric dialdehyde in 0.1 M Na-carbonate buffer, pH 9.0, for 30 min at 201C, and then mixed with BSA in the same buffer. The mixture was incubated for 1 h at 201C with subsequent dialysis against 0.05 M Tris-HCl buffer, pH 8.5. GlcNAc-BSA was eluted from a DEAE column (Amersham Pharmacia, Piscataway, NJ, USA) using an NaCl gradient (0.05, 0.1, 0.2, 0.3, and 0.5 M NaCl) in 0.05 M Tris-HCl, pH 8.5. The GlcNAc-BSA conjugate was confirmed by the binding of biotinylated WGA (Vector Laboratories) with subsequent detection of lectin binding by avidin-peroxidase. Biotinylated WGA specifically reacted with GlcNAc-BSA but not BSA. The anti-GlcNAc-BSA sera were generated by active immunization of mice with GlcNAc-BSA (50:1) twice every 2 weeks, and the titers were measured using ELISA.
ELISA
To determine the dose responses of mAb 9C and 10G reactive with C192S, P7-8 peptides, EMP, GlcNAc-BSA, BSA, and SPE A (obtained from YH Lu, Department of Microbiology and Immunology, National Cheng Kung University Medical College, Tainan, Taiwan), the ELISA plates were coated with 100 ml per well of 10 mg/ml of each antigen for 2 h at 371C, and then blocked with 10% BSA in PBS at 41C overnight. After washing with 0.05% PBST, serial dilutions of mAb 9C and 10G were added and incubated at 41C overnight. After three washes with 0.05% PBST, HRP-conjugated anti-mouse IgG (1:5000 dilution) was added for 2 h at 371C. After washing with 0.05% PBST and incubation with 3,3 0 ,5,5 0 -tetramethylbenzidine, the absorbance was measured using an Emax microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 450 nm.
Peptide Array
In all, 16 synthetic peptides in one nitrocellulose array, each containing 10 amino-acid residues from 266 to 350 of SPE B, were prepared by Genesis Biotech (Taipei, Taiwan). The peptides were directly synthesized in situ on nitrocellulose paper as described previously. 40, 41 The nitrocellulose membrane was blocked with 5% gelatin in Tris-buffered salineTween 20 (TBST) for 2 h at room temperature, followed by three washes. After incubation with mAb 10G for 2 h and three washes, HRP-conjugated anti-mouse IgG in 0.5% gelatin/TBST was added and incubated. After further three washes, enhanced chemiluminescence (ECL) solution (Western Lightning kit; Perkin-Elmer Life Sciences, Boston, MA, USA) was added and developed using BioMax light film (Eastman Kodak, Rochester, NY, USA).
Peptide Competitive Inhibition mAb 10G (1 mg) was incubated with 5, 10, 20, or 40 mg of C192S, synthetic peptides, GlcNAc-BSA, or BSA for 1.5 h at room temperature. The supernatants were collected after centrifugation at 13 000 g for 15 min. The supernatants were then incubated with HMEC-1 cells for cell-binding assay using flow cytometric analysis or were added to the ELISA plate coated with C192S, synthetic peptides, or GlcNAc-BSA for detection of antibody-binding activity. Synthetic peptides of P4-5 (amino-acid residues 281-295,
, and SPEB-2 (amino-acid residues 166-177,
were from Sigma-Genosys (Cashmere Scientific, Taiwan).
Statistical Analysis
We used one-way ANOVA, followed by Tukey's multiple comparison post test for statistical analysis. Statistical significance was set at Po0.05.
RESULTS
Immunoglobulin Deposition, Complement Activation, and Apoptosis in the Heart Valve of SPE B-immunized Mice Autoimmune responses against the heart and other tissues are associated with post-streptococcal sequelae. 4, 9 Our previous studies have shown that anti-SPE B antibodies cross-reacted with glomerular endothelial cells and induced complement activation and cell infiltration, leading to renal injury. 35 Using a mouse model, we investigated the possible role of anti-SPE B antibodies in the heart. Owing to the autocatalytic activity of SPE B, we used the protease-negative mutant C192S, which exhibits the same secondary structures as wild-type SPE B, 36 to immunize mice. Immunohistochemical changes appeared in the heart valve tissue of mice after they had been hyperimmunized with C192S. We found IgG and complement C3 deposits on the valve of C192S-immunized mice, but not in BSA-immunized mice (Figure 1a and b) .
We next checked the heart valve damage in SPE B-immunized mice by histological examination of apoptotic cell death. TUNEL-positive nuclei were observed in SPE B-immunized mice, whereas BSA-immunized mice were used as the negative control (Figure 1c ). (Figure 2a and b) . mAbs 9C and 1-64.1 were used as negative controls. In the experiments shown in Figure 2a and b, HMEC-1 cells were fixed first before incubation with antibodies. We also incubated antibodies with cells before fixation and found similar results as those in Figure 2a and b. Supplementary Figure 1a shows one set of representative data of mAb binding to nonfixed HMEC-1 cells. Supplementary  Figure 1b shows that mAb 10G can bind to nonfixed HMEC-1 cells dose dependently. The endothelial cell-binding activity of mAb 10G was also confirmed by ELISA using membrane extracts of HMEC-1 cells (Figure 2c ). Immunohistochemical staining followed by confocal microscopic observation showed the cross-reactivity of mAb 10G with HMEC-1 cells (Figure 2d and Supplementary Figure 2) . Colocalization of mAb 10G with anti-CD31 antibody confirmed the binding of mAb 10G but not mAb 9C to mouse heart endothelial cells (Figure 2e ). As the expression of CD31 is restricted to endothelial cells, 42 the mouse heart valve was stained for expression of CD31 antigens revealing the endothelial lining. Furthermore, we found IgG and complement C3 deposits on the valves of mice intravenously immunized with mAb 10G, but not in those of mice treated with mAb 9C (Figure 3a and b) . TUNEL-positive nuclei were observed in mAb 10G-but not mAb 9C-treated mice (Figure 3c ). To check for the antibody effect on HMEC-1 cells, results showed that these cells may undergo apoptosis after treatment with mAb 10G (Supplementary Figure 3) .
Anti-SPE
B mAb 10G Binds to Endothelial Cells and Causes Immunohistochemical Changes in the Mouse Heart Valve We generated monoclonal anti-C192S antibodies to further investigate the role of antibodies against SPE B in endothelial cell binding. One anti-C192S mAb clone, 10G, can bind to endothelial HMEC-1 cells as detected by flow cytometric analysis
Identification of the Epitope Recognized by Anti-SPE B mAb 10G
In addition, we used mAb 10G to determine the recognition epitopes on SPE B. For epitope mapping, we conducted several approaches. We first used a phage display peptide library to screen for the amino-acid sequences that can be recognized by mAb 10G. By sequence alignment, we found that dominant mAb 10G recognition sequences were localized in SPE B amino-acid residues 266-350 (data not shown). Using an EMBOSS program to search for possible epitopes within amino-acids 266-350 of SPE B, we predicted three domains most likely to be immunogenic (Figure 4a  and b) . Accordingly, a solid-phase peptide array containing 16 overlapped synthetic peptides from amino acids 266-350 (each containing 10 residues) was performed. We found that (Figure 4c ). We then examined the dominant epitope recognized by mAb 10G using synthetic peptides. By ELISA, we found that amino acids 296-310 (P7-8) were recognized by mAb 10G, but not by mAb 9C (Figure 5a ). We used synthetic peptides for competition of mAb 10G binding. Using P7-8 peptides for competition, the binding activity of mAb 10G to C192S was reduced (Figure 5b ). C192S was used as a positive control and SPEB-2 (amino acids 166-177) served as a negative control. Furthermore, we showed that the binding activity of mAb 10G to endothelial cells was inhibited by P7-8, but not other peptides (Figure 5c ).
We also used SPE B mutant proteins to study their interactions with mAb 10G. The results showed that G281A, G308S, and V334A had lower reactivity to mAb 10G as compared with Q102N, C192S, and W357A ( Figure 6 ). The amino-acid residue G308 is located within P7-8, whereas residues G281 and V334 are located on the surface loop and nearby but not in P7-8. These results suggested that the epitope recognized by mAb 10G is a conformational epitope.
Reactivity of mAb 10G with GlcNAc
Previous studies have shown that anti-streptococcal antibodies cross-react with cardiac myosin, tropomyosin, laminin, and vimentin. 9 In addition, these cross-reactive antibodies recognize streptococcal M protein and carbohydrate GlcNAc. We next tested the cross-reactivity of mAb 10G with GlcNAc-BSA and recombinant M1 protein (obtained from Dr Ching-Chuan Liu, Department of Pediatrics, National Cheng Kung University Hospital). The results showed that mAb 10G can bind to GlcNAc-BSA, but not BSA or M1 protein (Figure 7a ). The P7-8 peptides and C192S were used as controls, showing the binding of 10G but not 9C to P7-8 and of both 9C and 10G to C192S. The doseresponse curves of mAb 10G reactive with GlcNAc-BSA, C192S, P7-8, and EMP, but not with BSA and SPE A, are shown (Figure 7b ). The mAb 9C reacted only with C192S, but not other proteins tested. GlcNAc-BSA using molar ratios of 5:1, 10:1, and 50:1 all showed high cross-reactivity with mAb 10G, but not with mAb 9C (Figure 8a) . The anti-GlcNAc-BSA sera and anti-P7-8 sera also possessed binding activity to GlcNAc, C192S, and P7-8 (Figure 8b ). Competition assay showed that the reactivity of mAb 10G with GlcNAc-BSA (Figure 9a ) and P7-8 peptides (Figure 9b ) was inhibited by both GlcNAc-BSA and P7-8. Therefore, our results suggest that mAb 10G can also cross-react with GlcNAc. Furthermore, using immunohistochemical staining, we found that mAb 10G and anti-laminin colocalized on the mouse valve (Figure 10 ).
DISCUSSION
The association of anti-cardiac antibodies with acute rheumatic fever is well documented. [43] [44] [45] [46] Prolonged persistence of streptococcal group A antibody is a characteristic in patients with rheumatic valvular disease. 47 Antibody and complement are found deposited in the heart of RHD patients. HMEC-1 cells were incubated with mAb 9C or 10G, followed by FITC-conjugated anti-mouse IgG (green) and propidium iodide for nuclear staining (red), and then detected using confocal microscopy. (e) Normal mouse heart tissue sections were first stained with mAb 9C or 10G (red) and then with endothelial cell marker CD31 antibodies (green). Their colocalization on the valve is shown (merge, yellow) (magnification Â 400). Figure 3 Immunoglobulin deposition, complement activation, and apoptosis in the heart valve of mice after passive immunization with mAb 10G. BALB/c mice were intravenously immunized each day with 500 mg of 9C or mAb 10G for 3 days and, after 7 days, the heart sections were analyzed using HRPconjugated anti-mouse IgG (a) and anti-C3d antibody (b), and TUNEL assay (c) (n ¼ 3 per group). The visible light microscopy images correspond to the fields showing TUNEL staining (magnification Â 400).
recruitment through the activated endothelium into the valve. 23 Therefore, the binding of cross-reactive antibodies to the endothelium causes endothelial activation at the initiating stage. 9 Laminin or other cross-reactive proteins contribute to the deposition of antibodies on the valve. Cross-reactive antibodies may bind directly to the valve endothelium or may bind to the basement membrane of the valve, which lead to inflammatory activation in the endothelium. 24 In this study, we showed an anti-SPE B mAb 10G which can cross-react with endothelial cells and result in inflammatory activation on the valve. Interestingly, mAb 10G can also cross-react with the carbohydrate epitope GlcNAc. 
Mimicry of SPE B and endothelial cells Y-H Luo et al
Our previous study has shown that anti-SPE B antibodies bound to glomerular endothelial cells and caused immune complex deposition, leading to renal injury. 35 There are at least two forms of antibody-associated kidney injury. One is caused by antibodies reacting with glomerular antigens, and the other is caused by deposits of immune complexes. We have previously shown that anti-SPE B antibodies cause kidney damage by molecular mimicry to glomerular endothelial cell antigens. In this study, we found IgG deposition, complement activation, and cell apoptosis in the valve by either active immunization with SPE B or passive immunization with anti-SPE B mAb 10G. Our results suggested that the deposition of anti-SPE B antibodies crossreact with heart endothelial cells, leading to inflammatory Figure 5 The SPE B-and endothelial cell-binding activities of mAb 10G are inhibited using P7-8 for competition. (a) The synthetic peptides (100 ml per well of 10 mg/ml) were coated in the ELISA plate. mAb 9C or 10G (1 mg) was then added, followed by HRP-conjugated anti-mouse IgG. The binding activities are shown as mean ± s.d. of triplicate cultures. SPEB-2 was used as a negative control peptide, and C192S was a positive control. (b) mAb 10G (1 mg) was preincubated with 5 mg of synthetic peptides at room temperature for 1.5 h, and the large complex was removed by centrifugation at 13 000 g for 15 min. Figure 8 Binding activities of mAb 9C, 10G, anti-GlcNAc-BSA sera, and anti-P7-8 sera with GlcNAc-BSA conjugates containing variable GlcNAc:BSA ratios. SPE A, P7-8, C192S, BSA, and GlcNAc-BSA (100 ml per well of 10 mg/ml) were coated onto an ELISA plate. mAb 9C, 10G (1 mg) (a), anti-GlcNAc-BSA sera and anti-P7-8 sera (b) were added, followed by HRP-conjugated anti-mouse IgG. The binding activities are shown as mean ± s.d. of triplicate cultures.
activation and cell death. The complement levels were reduced in RHD patient sera, suggesting that a complementmediated injury may have occurred in the course of the disease. 53 It was reported that antibodies cross-reactive with the valvular tissue are present in rheumatic carditis patients, and that the valve may serve as a source of antigen to maintain the presence of autoantibodies. 54 Such autoantibodies are cytotoxic to the human valvular endothelium and react with laminin in the basement membrane in vitro. 55 Inflammatory signals from these antibodies and other immune mediators influence the expression of adhesion molecules on the valvular endothelium, which is a site for lymphocyte extravasation into the valve. The inflamed endocardium then attracts activated T cells and promotes a Th1 cytokine profile, leading to eventual scarring and heart murmur characteristic of rheumatic carditis. 56 To determine the SPE B epitope recognized by anti-SPE B mAb 10G, our results showed that amino acids 296-310 (P7-8) possess the major epitope. In the peptide array, spot 8, but not spot 7, showed a positive reaction, possibly because of a conformational specificity of antibody binding. Although mAb 10G also reacted with peptides other than spot 8, SPE B structural analysis and further confirmation assays excluded them as the dominant epitope for mAb 10G and endothelial cell binding. Only P7-8, but not other peptides, could inhibit SPE B-and endothelial cell-binding activity of mAb 10G. In addition, the endothelial cell-binding activity was only affected by removing antibodies against P7-8, whereas similar procedures for other peptides did not cause any effect. To validate the conformational specificity of antibody binding to P7-8, we constructed several sitedirected mutant proteins and found that G281A, G308S, and V334A mutants had lower binding ability with mAb 10G as compared with that of C192S mutant. In contrast, Q102N and W357A mutants showed similar binding activity with mAb 10G as that of C192S mutant. This is consistent with the prediction that the amino-acid residues G281, G308, and V334 are within EMBOSS-predicted antigenic epitopes, which are located in the region between residues 266 and 350. The residues G281 and V334 are located near the active site of SPE B, whereas the residue G308 is within a RGD motif which binds to integrins a v b 3 and a IIb b 3 . These three residues are all located on the surface loops, and their spatial positions are close to each other. Although the major epitope is located within amino-acid residues 296-310 (P7-8), the alteration of amino-acid residues 281 or 334 would reduce the mAb 10G binding ability. Therefore, these findings suggest that mAb 10G recognizes a conformational epitope.
A previous report showed that a mAb cross-reactive with group A streptococcal M protein recognizes GlcNAc. 39 Using binding and competition assays, we also found that mAb 10G can recognize GlcNAc. This finding implies a conformational similarity between P7-8 and GlcNAc. mAb 10G does not bind to M1 protein. The possibility that mAb 10G can bind to other M proteins remains to be determined. Pronounced immunological cross-reactivity has been previously reported between the GAS polysaccharide and structural glycoproteins isolated from the heart valves. 57 In addition, previous studies on mAbs that recognize GlcNAc residues of GAS carbohydrate, a cell-wall polysaccharide composed of a polyrhamnose backbone and b-1,3-linked GlcNAc side chains, showed that these mAbs also reacted with O-GlcNAcbearing glycoproteins. 58 Whether the O-linked GlcNAc glycoproteins present on valve endothelial cells is recognized by mAb 10G remains to be investigated.
We previously showed that the heat-shock protein 70 (HSP70) present in the HMEC-1 cell membrane extract was recognized by mAb 10G. 35 Although mAb 10G binds to mouse valve endothelial cells, we could not detect the binding Figure 9 The GlcNAc-and P7-8-binding activities of mAb 10G are inhibited using GlcNAc-BSA and P7-8 for competition. mAb 10G (1 mg) was pretreated with 10, 20, or 40 mg of BSA, GlcNAc-BSA, or P7-8 at room temperature for 1.5 h and large aggregates were removed by centrifugation. The supernatants were collected and their binding activities to GlcNAc-BSA (a) and P7-8 peptides (b) were determined by ELISA. The binding activities are shown as mean ± s.d. of triplicate cultures.
of anti-HSP70 antibodies to these cells (data not shown). We speculate that, unlike HMEC-1 cells, the surface expression level of HSP70 on mouse valve endothelial cells may be too low to be detected. Nevertheless, HSP70 has been previously reported to be found at the cell surface and may contribute to the development of cardiovascular and autoimmune diseases. 59 In addition, RHD patient sera have been reported to recognize myocardial antigen, which was identified as constitutive HSP70 (HSP73). 60 Whether the recognition of HSP70 by anti-SPE B antibodies is involved in the disease pathogenesis needs further investigation. It has also been previously reported that human anti-streptococcal carbohydrate mAb3B6 from rheumatic carditis reacted with valve endothelial cell laminin. 55 Immunohistochemical staining results showed that mAb 10G and anti-laminin colocalized on the valve, suggesting that 10G may cross-react with valve endothelial cells by molecular mimicry with laminin. This hypothesis needs to be further confirmed.
M-protein-based subunit vaccine development is currently in progress. However, the diversity of M protein types and the possibility of inducing autoimmunity after vaccination raise concerns for vaccine development. 61 Different M-protein-based vaccine approaches have been aimed at the development of safe and broad protective immunity. 62 We previously showed that both active and passive SPE B immunization of mice conferred protection from GAS challenge. 63 Deletion or mutation of the cross-reactive epitopes to avert autoimmune complications might provide a strategy against GAS infection. Although the presence of other crossreactive epitopes cannot be excluded, our study indicated that a dominant epitope is located within amino-acid residues 296-310.
In conclusion, we have shown that anti-SPE B antibodies can cross-react with endothelial cells. Immunoglobulin deposition, complement activation, and cell apoptosis were observed in the heart valve of SPE B-immunized and mAb 10G passively immunized mice. We have identified a dominant epitope which is located within amino-acid residues 296-310 of SPE B. The colocalization results suggest that mAb 10G might cross-react with laminin and GlcNAc. The antigenic similarity between these protein and carbohydrate epitopes recognized by mAb 10G requires further investigation.
